The focus of this paper is on the design of waveforms for efficient spatial and temporal adaptivity including the focusing of the transmitted energy on a physically-small target, so that it will be possible to synthesize waveforms in the space-time continuum for both monostatic and bistatic applications and so that they can be mission adaptive. The objective is to develop spatially and temporally adaptive sensor technology for application to air, space and ground systems operating in isolation or in concert with other sensor systems, emphasizing monostatic and bistatic scenarios. This can be achieved with the application of expert system technologies to facilitate the automatic selection of the waveforms in real time and near real time applications based on predefined rules of target engagement.
Introduction
Waveform diversity can be used for the efficient spatiotemporal focusing of transmitted electromagnetic energy on a target for good reception in the presence of jamming and clutter. In practical adaptive radar scenarios, it may be useful to transmit different Doppler-invariant waveshapes for different applications. For example, in a search radar the goal may be to transmit a waveform that will provide a spatiotemporal focusing of the energy on the target and deal with waveshapes which possibly decouple the range Doppler processing. The problem of energy focusing on objects as a function of time, frequency and space for systems involving physically small sensor arrays on a miniaturized host platform is discussed here. By using waveform diversity on transmit it may be possible to focus the energy on such physically small targets. Hence, it may also be more robust to clutter and jamming. Similarly, in communications applications, the objective may be to use a waveshape that will not only be Doppler-invariant, but will also be robust to multipaths and difficult to decode in a non-cooperative environment.
Waveform Diversity for Adaptive Bistatic Radars
In contrast to a monostatic radar for which the transmitter and receiver are co-located, a bistatic radar is a system where there exists significant spatial separation between the transmitter and receiver. Although monostatic radars are more common, they are extremely vulnerable to counter measures and anti-radiation defenses such as air-to-ground missiles. A bistatic radar offers increased immunity because its transmitter can be placed in a location protected from attack while its passive receiver is covertly located in or near the hostile environment with a significantly reduced risk of being observed. A bistatic radar is not as susceptible to jamming because directional jammers are likely to be aimed at the transmitter and, therefore, would not impact greatly on the widely separated receiver.
For a monostatic radar it is recognized that the ambiguity function of the transmitted waveform plays an important role in determining system performance [1] [2] [3] [4] . It determines the target resolution, parameter estimation, and clutter rejection capabilities of the radar. The ambiguity function is typically plotted versus time delay and Doppler shift. Because the time delay is linearly related to the target range and the Doppler shift is linearly related to the radial component of the target velocity, this is equivalent to a linearly scaled plot of the ambiguity function versus target range and radial velocity.
The ambiguity function plays a similar role for a bistatic radar. However, because of the bistatic geometry, time delay and Doppler shift are nonlinearly related to target range and velocity [5] [6] . As a result, the ambiguity function plotted versus time delay and Doppler shift can take on a significantly different shape when plotted against target range and velocity. In practice, time delay and Doppler shift are the quantities measured. However, target range and velocity are the quantities of interest. Therefore, the ambiguity function should be plotted versus target range and velocity for bistatic radar [7] .
When plotted versus target range and velocity, the shape of the ambiguity function for a given transmitted waveform can change dramatically depending upon the target position relative to the transmitter and receiver locations. In one target position the ambiguity function may have a nice thumb tack shape indicating acceptable resolutions and negligible ambiguities. In another target position with the same transmitted waveform, the ambiguity function may be extremely broad in shape indicating poor resolution capabilities both in range and velocity. In addition, the ambiguity function may suffer from serious ambiguities (i.e., false peaks from sidelobes).
Given an unfavorable bistatic geometry for a particular transmitted waveform, the situation can be dramatically improved by switching to a different transmitted waveform. Consequently, different transmitted waveforms may be needed when using a bistatic radar to search for targets at different positions in the surveillance volume depending upon the position of the test cell relative to the transmitter and receiver. An adaptive bistatic radar is envisioned in this case that intelligently selects waveforms for transmission depending upon the bistatic geometry for the test cell.
The approach is to determine waveforms for various bistatic geometries that generate the shape of the ambiguity function needed to achieve operational objectives (i.e., target resolution, parameter estimation accuracy, clutter suppression, jammer cancellation, etc.). Radar waveforms employing chirp, frequency, and coding diversity can be considered and additional waveforms may be synthesized as needed.
Ambiguity function for the monostatic case
Let f(t) denote the complex envelope of the transmitted radar waveform. Let τ a and ω Da denote the unknown time delay and Doppler shift actually experienced by the transmitted signal when reflected from a slowly fluctuating point target. Also, let τ H and ω DH denote the hypothesized time delay and Doppler shift at the receiver when testing for the presence of a target in the test cell. The ambiguity function for a monostatic radar is defined to be
where the asterisk denotes the complex conjugate. With the simple change of variables
and
the ambiguity function can be expressed as
As a result, the ambiguity function can be treated as a twodimensional function in the delay⎯Doppler domain. If R a , R H , v a , and v H denote the target actual range, hypothesized range, actual relative radial velocity, and hypothesized relative radial velocity, respectively, then
where ω c is the carrier frequency of the transmitted waveform and c is the speed of light. Hence, a plot of the ambiguity function versus τ′ and ω D ′ is identical to a plot of the ambiguity function versus (R a -R H ) and (v a -v H ) except for a linear scaling of the axes. When R H = R a and v a = v H , τ′ = ω D ′ = 0. This corresponds to perfect estimates of the target range and velocity and yields a maximum value for the ambiguity function. Therefore, the ambiguity function has its maximum peak at the origin where
equals the energy of the transmitted waveform.
Ambiguity function for the bistatic case
The bistatic geometry for a bistatic radar is shown in Figure 1 . The bistatic plane is formed by the transmitter (TX) and the receiver (RX), and the target (TGT). R T denotes the target range from the transmitter while R R denotes the target range from the receiver. The length of the baseline connecting the transmitter and receiver is denoted by L. The look angles of the transmitter and receiver are denoted by θ T and θ R , respectively. Finally, the bistatic angle, formed between the lines whose lengths are R T and R R , is denoted by β. The bistatic range, or total range, is defined by the range sum
Given any three of the four parameters θ T , θ R , L, and R, it is possible to determine the fourth parameter as well as R T and R R . In particular, if attention is focused on the receiver, all results can be expressed in terms of R R , L, and θ R .
The total range, R, is determined by measuring the time delay from signal transmission to reception. Using the bistatic geometry of Figure 1 , the total time delay from the transmitter to the receiver is found to be
where c is the speed of light. Assuming both the transmitter and receiver to be stationary and a target moving with a constant velocity, V, the Doppler shift experienced in the receiver waveform is given by
where
is the target velocity component along the bistatic bisector and ω c is the carrier frequency. Dependence of ω D on V B is analogous to the monostatic case for which only the target relative radial velocity contributes to the Doppler shift.
The ambiguity function for the bistatic case is, once again, given by Equation (4). However, using the subscripts a and H, respectively, to denote the unknown actual parameters and the hypothesized parameters for the cell under test, τ′ and ω D ′ become
When plotting the ambiguity function for the bistatic radar, the parameters R Ra , L, θ R , ω c , c, and V Ba are pre-specified and held fixed while varying R H and V BH . Because of the nonlinear nature of Equations (12) and (13), it is clear that the shape of the ambiguity function when plotted versus R RH and V BH can differ substantially from that plotted versus τ′ and ω D ′. However, when R RH = R Ra and V BH = V Ba , note that τ′ = ω D ′ = 0 resulting in the same maximum peak of the ambiguity function for both the monostatic and bistatic cases.
Example for an adaptive bistatic radar
The previous discussion is now illustrated utilizing a transmitter radar waveform consisting of a sinusoidal pulse train composed of three pulses. For this example, the parameters of the pulse train are: T = pulse width = 40 μs T P = pulse repetition interval = 100 μs (14) T d = pulse train duration = 300 μs.
The carrier frequency of the sinusoid for each pulse is f c = ω c 2π = 300 MHz.
The actual target parameters are R Ra = 20 km V βa = 600 m/s.
For the bistatic radar, the base line has length L = 100 km (17) and the receiver look angle is
A plot of the ambiguity function for the monostatic case is shown in Figure 2 . To be consistent with the plots for the bistatic case the ambiguity surface is plotted as a function of R RH and V BH . As expected, the pulse train yields a bedof nails type of surface. A plot of the ambiguity function for the bistatic case is shown in Figure 3 . Observe the severe distortion encountered in this example. Clearly the main lobe has been broadened resulting in severe resolution degradations in both range and velocity.
The shape of the ambiguity functions for both the monostatic and bistatic radars can be significantly improved by using Barker codes to phase modulate the sinusoid for each pulse [8] . For example, when modulated, the first pulse of the pulse train can be expressed as
A 5-bit Barker code has the pattern 11101. Let m(t) = 1 when the Barker code is 1 and m(t) = -1 when the Barker code is 0, then
Similarly, the 13-bit Barker code has the pattern 1111100110101. It follows that 
A plot of the ambiguity function for the monostatic case using a 5-bit Barker code to phase modulate each of the three pulses is shown in Figure 4 . Observe that ambiguities due to the sidelobes have been greatly reduced while the main lobe has been narrowed in width (compare to Figure 2) . The corresponding ambiguity function for the bistatic case is shown in Figure 5 . Relative to Figure 3 , the shape of the ambiguity function has been significantly improved. However, should the shape of the ambiguity surface be inadequate for operational needs, the 13-bit Barker code can be used. The result is shown in Figure 6 .
Observe that ambiguities due to sidelobes have been eliminated to a great extent and the resolution in range is much improved. However, the velocity resolution may be inadequate for the application of interest. Consequently, a different transmitted waveform should then be utilized.
Radar waveform selection, time delay and Doppler shift
Waveforms for radar systems are selected based upon their ability to satisfy operational requirements for detection, measurement accuracy, resolution, ambiguity, and clutter rejection. Ambiguity function plots are examined for a qualitative determination of the suitability of different waveforms in meeting system requirements. In practice, the ambiguity surface is plotted as a function of the time delay and Doppler shift experienced by the transmitted signal. The use of delay and Doppler as the arguments for the ambiguity function is adequate for monostatic radars because of their linear relationship with target range and relative radial velocity.
However, time delay and Doppler shift are nonlinearly related to target range and velocity component along the bistatic angle bisector due to the geometry of the bistatic configuration. Consequently, the shape of the ambiguity surface as a function of range and velocity changes depending upon the position of the target relative to the transmitter and receiver. Configurations with small bistatic angles tend to have little distortion while those with large bistatic angles are severely distorted.
In order to minimize the distortions encountered with a bistatic radar, the transmitted waveform can be adaptively modified in order to meet operational requirements at each point of the surveillance volume. Waveforms employing chirp, frequency, and coding diversity can be examined in order to build a library of signals with suitable ambiguity functions for adverse bistatic geometries likely to be encountered. Where necessary, additional waveforms can be synthesized making use of the lessons learned while constructing the library.
An expert system approach can be devised to develop the initial knowledge/rule base application for the monostatic and bistatic radar cases. This can be utilized in concert with the targeting sensor model library and a waveform suite to demonstrate an autonomous, adaptive radar capability for enhanced target detection. The expert system can be used to synthesize and match the waveform diversity scheme to the requirements of the targeting scenario so as to optimize sample target detection. The rules can allow for scalability of the problem to accommodate any ratio of source to target size over range and associated Doppler shifts. This approach allows one to address the problem of energy focusing of physically small sensors on miniature platforms for enhanced sample target detection. 
Conclusion
The application of waveform diversity principles to the case of monostatic and bistatic radar was presented for the efficient spatio-temporal focusing of transmitted electromagnetic energy on a target for good reception in the presence of jamming and clutter. The approach can be extended to the case of multistatic radars, which is a collection of bistatic radars offering the potential of increased reliability and operational performance in addition to increased immunity. Greater reliability exists because failure of one or more equipments does not necessarily prevent the system from continuing to operate. Operational performance can be increased by employing triangulation techniques that obtain more accurate estimates of target position. Also, target detection can be increased by sensing the target radar cross sections seen from different viewing angles.
